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Since its first observation in 2005, the vector charmonium Y (4260) has turned out to be one of
the prime candidates for an exotic state in the charmonium spectrum. It was recently proposed that
the Y (4260) should have a prominent D1D¯ + c.c. molecular component that is strongly correlated
with the production of the charged Zc(3900). In this paper we demonstrate that the nontrivial cross
section line shapes of e+e− → J/ψpipi and hcpipi can be naturally explained by the molecular scenario.
As a consequence we find a significantly smaller mass for the Y (4260) than previous studied. In
the e+e− → D¯D∗pi + c.c. process, with the inclusion of an additional S-wave D¯∗pi contribution
constrained from data on theDD¯∗ invariant mass distribution, we obtain a good agreement with the
data of the angular distributions. We also predict an unusual line shape of Y (4260) in this channel
that may serve as a smoking gun for a predominantly molecular nature of Y (4260). Improved
measurements of these observables are therefore crucial for a better understanding of the structure
of this famous resonance.
PACS numbers: 14.40.Rt, 14.40.Pq
I. INTRODUCTION
Ever since its discovery in 2005 [1], the nature of the vector charmonium state Y (4260) has remained mysterious [2].
Most recently the BESIII Collaboration reported a stunning result—the observation of a charged charmonium state
Zc(3900) in the invariant mass spectrum of J/ψπ
± in e+e− → Y (4260) → J/ψπ+π− [3]. The same discovery was
also made by the Belle Collaboration [4] and soon confirmed by an analysis of the CLEO-c data [5]. The Zc(3900)
became the first confirmed flavor exotic state in the heavy quarkonium mass region. The continuous study of other
channels, i.e. the (D∗D¯∗)±π∓ [6] and e+e− → hcππ [7], turned out to be rewarding, since evidence for additional
charged charmonium states Zc(4020/4025) was observed.
There is no doubt that the experimental observations of the Zc(3900) and Zc(4020/4025) provide a great opportunity
for understanding the strong interaction dynamics which accounts for the formation of meson states beyond the simple
qq¯ constituent picture. Meanwhile, it has also been recognized that the formation of the charged Zc(3900) could shed
light on the nature of the Y (4260). In Ref. [8] the authors have discussed the possibility that the Y (4260) is a
D1(2420)D¯
1 bound state while the Zc(3900) is a DD¯
∗ molecule.
There exist many different interpretations for the Y (4260) in the literature. Among those there are proposals for its
being a hybrid [9–11], hadro-charmonium [12–14], D1D¯ molecule in potential models [15, 16], χc0ω molecule state [17],
the 4S charmonium [18], and a J/ψKK¯ bound system [19], etc. It is therefore necessary to identify observables which
are sensitive to the structure of the Y (4260).
A crucial point that makes the Y (4260) special is that its mass is only about a few tens of MeV below the first
S-wave open charm threshold D1D¯ [20]. Although the production of the relative S-wave D1D¯ pair is suppressed in
the heavy quark limit [21], there is evidence that in the charmonium mass region the heavy quark spin symmetry
breaking could be large enough to allow for the production of the Y (4260) as a prominent D1D¯ molecule [22].
If the dominant component of the Y (4260) wave function is indeed the D1D¯, non-trivial predictions should then
follow. For instance, if the Zc(3900) and X(3872) are isovector and isoscalar DD¯
∗ molecular states, respectively [23],
the production mechanisms for the Y (4260)→ Zc(3900)π and Y (4260)→ γX(3872) should be closely related, which
1 Its charged conjugate part is implied and considered in the calculation. The same convention is used in the following for the other cases.
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FIG. 1: Feynman diagrams for the e+e− → Y (4260) → DD¯∗pi via (a) the tree diagram and (b) an intermediate Zc.
leads to the prediction of a large radiative decay rate for the Y (4260) → γX(3872) [24]. This result was confirmed
by the most recent BESIII measurement [25].
In this work we analyze the exclusive processes e+e− → J/ψππ, hcππ andDD¯∗π, in the vicinity of the Y (4260) mass
region in the framework of a nonrelativistic effective field theory [26, 27]2. By treating the Y (4260) as dominantly
a D1D¯ molecular state, the cross section for the P -wave transition e
+e− → Y (4260) → hcππ gets enhanced via
intermediate meson loops and becomes compatible with the S-wave transition e+e− → Y (4260)→ J/ψππ [22]. The
e+e− → Y (4260)→ DD¯∗π cross section should also be sizeable, since the Y (4260) can directly couple to DD¯∗π+ c.c.
via tree diagrams, cf . Fig. 1 (a).
The paper is structured as follows: The details of our framework are given in Sec. II, numerical results and a
detailed discussion follow in Sec. III. The last section contains summary and outlook.
II. THEORETICAL FRAMEWORK
The coupling of Y (4260) to D1D¯ in an S-wave are described by the Lagrangian [8, 24]
LY = y√
2
Y i
(
D¯†aD
i†
1a − D¯i†1aD†a
)
+H.c.,
where the (renormalized) effective coupling constant y is in principle related to the probabilities of finding the compo-
nents inside the Y (4260) [24, 28, 29], although for the large binding energy of the Y (4260) a quantitative extraction of
this quantity is hindered by the uncertainties of the method. We will also take into account the Zc(3900) contribution
the same way as Ref. [8] with IG(JPC) = 1+(1+−). The S-wave coupling of the Zc to the DD¯∗ is described by a
Lagrangian similar to Eq. (1) [30],
LZ = z(D¯∗†ib ZibaD†a − D¯†bZibaD∗†ia ) + h.c. (1)
with the isotriplet
Zba =
(
1√
2
Z0 Z+
Z− − 1√
2
Z0
)
ba
, (2)
A discussion of the bottom analogue can be found in Refs. [31, 32]. So far, we can only obtain information of this
coupling constant from an analysis of the Y (4260)→ J/ψππ as performed in Ref. [8]. With |z| ≈ 0.77 GeV−1/2, the
branching ratio B(Zc → DD¯∗) of about 20% is compatible with the data.
The Lagrangian describing the interaction among the 3
2
+
and 1
2
−
spin multiplets and pions reads [33]
LD1 = i
h′
fpi
[
3Di1a(∂
i∂jφab)D
∗j†
b −Di1a(∂j∂jφab)D∗i†b + ...
]
+H.c.,
where the coupling constant |h′| = (0.62± 0.08) GeV−1 is determined by the decay width ΓD+
1
= (25± 6) MeV [20].
The dots indicate terms not in the focus of this work.
2 For a detailed discussion of a similar effective field theory we refer to Ref. [31] and references therein.
3For the Zc(3900) we use the following propagator [34]
GZ(E) =
1
2
i
E −mZ − ΣDD∗(E) + i Γ˜Z/2
(3)
with
ΣDD∗(E) = z
2µ
3/2
DD∗
8π
[√−2ǫ θ(−ǫ)−√2ǫ θ(ǫ)] ,
where ǫ = E−mD −mD∗ and the constant Γ˜Z accounts for the width from decay channels other than the DD¯∗ such
that the sum of Im(2ΣZ(E)) evaluated at the pole and Γ˜Z gives the total width of the Zc
In the D1D¯ molecular scenario, the propagator of Y (4260) can be calculated analogous to Eq. (3) with ΣDD∗(E)
replaced by
ΣˆY (E) = ΣD1D (E)− Re
[
ΣD1D (MY ) + (E −MY ) ∂EΣD1D(E)|E=MY
]
. (4)
Here we also have two parameters, i.e. one mass MY and one constant residual width Γ˜Y .
III. RESULTS
A. Line shapes of the Y (4260) in the J/ψpipi and hcpipi channels
In this section, we present the fit results for line shapes of e+e− → Y (4260) → J/ψππ and hcππ in Fig. 2. The
formalism used here is a straightforward extension of Ref. [8], i.e. including both box diagrams and Zc(3900) pole
contributions simultaneously. It turns out that we need S-wave and P -wave background terms for the J/ψππ and
hcππ channel, respectively, in order to fit the experimental data in the energy range of [4.16, 4.50] GeV for both
processes. Since the partial waves of the ππ are S-wave for the background and mostly D-wave for the box diagrams
and the Zc(3900) pole (since the D1 decays to Dπ in a D–wave, cf . Eq. (3)), there is no interference between them
after the angular integration. Fit parameters are the mass of the Y (4260), the non-(D1D¯ → D∗D¯π) width Γ˜Y , a
normalization constant and a factor for the strength of the background in each channel. The combined fit gives a
reduced chi-square of 2 which seems sufficient given the simplified model used. As can be seen from Fig. 2 in both
channels the proximity of the D1D¯ threshold in combination with a sizeable D1D¯Y (4260) coupling constant y, which
is the signature for a dominant molecular component of Y (4260), leads to an asymmetric line shape. Due to this
asymmetry especially in the J/ψππ channel, where the data are significantly better, the fit now gives a mass for the
Y (4260) significantly smaller than previous analyses, namely
MY (4260) = (4217.2± 2.0) MeV (5)
with the value of Γ˜Y = (55.91±2.61) MeV, we see that the branching ratio for Y (4260)→ DD¯∗π via the intermediate
DD¯1 is dominant within our model and can be as large as 60%. This finding is an important consistency check of our
approach. Figure 2(a) and (b) show that the contribution of the Zc(3900) pole (short-dashed lines) is much smaller
than that of the box diagrams (long-dashed lines) which is consistent with the results of Ref. [8].
One might question if it is sensible that the data in the hcππ channel above 4.35 GeV is dominated by the background
contribution. We therefore performed a series of additional fits including the higher thresholds (D2D¯
∗, D1D¯∗) as well
as the Y (4360), as proposed in Refs. [14, 36]. As expected these fits allowed us to remove the background contributions,
however, the current data did not allow us to constrain sufficiently the values of the parameters. Especially with the
current data it was not possible to decide whether a second resonance is needed. What is very important to this work
is that regardless what dynamical content was used to fit the higher energies, the parameters of the Y (4260) stayed
largely unchanged. Due to this consideration we restrict ourselves only to a detailed discussion on the simplest fit in
the rest of this work. .
B. Line shapes of the Y (4260) in the DD¯∗pi-channel and the invariant mass distributions
As discussed in Sec. I, there are two kinds of diagrams contributing to DD¯∗π channels, i.e. tree diagram (Fig. 1
(a)) and the Zc(3900) resonant contribution (Fig. 1 (b)). Since D1 decays to D
∗π is in D-wave, the contribution from
the D1 pole results in an enhancement of the D
∗π spectrum at the higher mass end, i.e. approaching the D1 pole at
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FIG. 2: The cross sections for the e+e− → J/ψpi+pi− and e+e− → hcpi
+pi− around the Y (4260) mass region. The long-
dashed, short-dashed, dotted and solid lines are the contributions from the D1D¯ box diagrams, the Zc(3900) pole, the S-wave
background and the sum of them, respectively. The data in (a) are from Belle [35] and those in (b) from BESIII [7], respectively.
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FIG. 3: The D0pi+, D∗−pi+ and D0D∗− invariant mass distributions for Y (4260) → D0D∗−pi+. The brown dotted, green
dashed and red solid lines are the contributions from the S-wave, the D-wave and the sum of them, respectively.
2.42 GeV — cf . the green dashed line in Fig. 3 (b). Furthermore, due to the same reason, the lower ends of both the
Dπ and D∗π invariant mass distributions are strongly suppressed — cf . the green dashed lines in Fig. 3 (a) and (b).
A significant fraction of the enhancement near the DD¯∗ threshold, as shown by the green dashed line in Fig. 3 (c),
may be understood as a reflection of the enhancement predicted in D¯∗π. With the current data quality and the level
of sophistication of our model we are not able to disentangle this from the contribution of Zc(3900). The apparent
discrepancy between our model prediction and the BESIII data [38] should come from some D¯∗π S-wave contribution
that we here include as an additional, small contribution to the Y (4260) wave function. To investigate this idea
further we include this additional S–wave. Now the full amplitude can be expressed as
MDD¯∗pi = ǫaY ǫbD¯∗
[
CSδ
ab + CD(E,MDD¯∗ ,MD¯∗pi)
(
qˆaqˆb − 1
3
δab
)]
(6)
with CS the S-wave strength and CD(E,MDD¯∗ ,MD¯∗pi) the D-wave strength. The S-wave strength can be parame-
terized as
CS = α(M
2
DD¯∗ + β)GZ (E) (7)
which respects Watson theorem as long as α and β are real numbers 3. The D-wave strength is extracted from our
model, i.e. the sum of Fig. 1 (a) and (b).
From the fit to the D0D∗− spectrum from 3.88 GeV to 4.1 GeV, cf . Fig. 3 (c), we obtain |α| = (6.72±0.17) GeV−1,
β = (−15.28±0.01) GeV2 and χ2/d.o.f. = 59.02/(57−3). Since in the invariant mass spectrum there is no interference
3 The equation is adapted from Eq. (7) of Ref. [37]
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FIG. 4: Predictions for the cross section of e+e− → DD¯∗pi with the dashed, dotted and solid lines denoting the contributions
from D-wave, S-wave and the sum of them, respectively. Here the D-wave contribution is from our model due to the D-wave
behaviour between D¯∗ and pi. Meanwhile the S-wave contribution means the background contribution with the D¯∗ and pi in
S-wave. The data are from Belle [39].
between the S– and the D–wave contribution, the fit does not allow one to fix the sign of α. In what follows we chose
α < 0 in order to get the correct angular distributions as discussed in the next section. The result of the fit as well
as the impact of the S–wave on the other invariant mass spectra is shown as the red solid line in the three panels of
Fig. 3. The individual contribution from the S-wave is displayed by the brown dotted line. As one can see, although
the small admixture of additional S-wave component in the Y (4260) wave function will make the suppression of the
lower end of the Dπ and D∗π invariant mass distribution not as significant as before, in the region that matters the
most for both the Y (4260) and the Zc(3900) the D–wave contribution still dominates, i.e. the D1D¯–component is
still the most important part of the Y (4260) wave function.
With all the parameters from the fits above, i.e. the line shapes of Y (4260) in e+e− → Y (4260) → J/ψππ and
hcππ processes and the invariant mass distributions in e
+e− → Y (4260) → DD¯∗π process, measured close to the
pole of the Y (4260), one can predict also the line shape for DD¯∗π process. The green dashed line in Fig. 4 shows this
prediction when only the D1D¯ component is included. Again, a nontrivial structure arises from the presence of the
S-wave D1D¯ threshold. Especially, the rate predicted above the nominal D1D¯ threshold is higher than at the actual
Y (4260) peak position. Although this picture is changed quantitatively by the inclusion of the additional S–wave, the
basic features remain. Especially, if the Y (4260) is a hadronic molecule, one will not find a Breit-Wigner line shape
around 4.26 GeV in e+e− → Y (4260) → DD¯∗π. Our prediction is consistent with the existing data [39], although
improved measurements are clearly needed to confirm or disprove our predictions.
C. Angular distributions in the DD¯∗pi channel
With the parameters fixed by the fit to the DD¯∗ invariant mass distribution in the previous section, we now
investigate two angular distributions: the Jackson angle of the spectator pion, θpi, and the D-π helicity angle, θpiD.
The angular distribution of the Jackson angle of the spectator pion, θpi, defined as the angle between pion and
the beam direction in the overall center-of-mass frame [38], is shown in Fig. 5. Since the experimental data are
taken around the Zc(3900) pole, we integrate the DD¯
∗ invariant mass from the threshold to 3.92 GeV, cf . Fig. 3
(c). As shown in Fig. 5, the large D-wave interfering with the strength of the small S-wave fixed before and having
chosen the sign of α such that there is a destructive interference between S– and D–waves, leads to an almost-flat
angular distribution (a more general discussion about the angular distribution of the spectator pion can be found in
App. A). Note, the information encoded in the Jackson angle goes beyond that contained in the Daliz plot. Thus, the
agreement we find between our calculation and the data for θpi is non-trivial, although we fit to the DD¯
∗–invariant
mass distribution.
The helicity angle θpiD is defined as the relative angle between π and D in DD¯
∗ rest frame. Our results for this
observable are shown as the green dashed, brown dotted and red solid lines for the D–wave from the molecular
component of the Y (4260), the additional S–wave and the sum of both are shown in Fig. 6. In the left panel
the whole range of invariant masses allowed kinematically is integrated. As one can see, the D–wave coming the
molecular component of the Y (4260) leads to a clearly visible forward–backward asymmetry that stays prominent
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FIG. 5: Angular distribution of the pion in the rest frame of the Y (4260) with respect to the beam axis (Jackson angle). The
legends are the same as that in Fig. 3. The experimental data are from Ref. [38].
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FIG. 6: The partial width of Y (4260) → D0D∗−pi+ is shown in terms of the relative angle between the pi+ and the D0 in the
D0D∗− rest frame. The legends are the same as that in Fig. 3. Left panel: using the whole Dalitz plot; right panel: with a cut
on small DD¯∗ invariant masses imposed, i.e. using the events from the DD¯∗ threshold to 3.92 GeV.
also after inclusion of the additional S wave. This signal can be further enhanced by imposing a cut on small DD¯∗
invariant masses, i.e. from the DD¯∗ threshold to 3.92 GeV, as shown in the right panel. Clearly this observable is
very sensitive to the D1D¯ component of Y (4260). So far an empirical value is available only for the ratio [38]
A = n>0.5 − n<0.5
n>0.5 + n<0.5
= (0.12± 0.06) (8)
reflecting the asymmetry of events between | cos(θpiD)| > 0.5 and | cos(θpiD)| < 0.5, where the full range of invariant
masses allowed kinematically was included. From integrating the observable shown in the left panel of Fig. 6 we find
A = 0.0, 0.11, 0.05 for the S wave, D wave and the sum of both, respectively. We can see that a pure D-wave
contribution with A = 0.11 agrees with the experimental data perfectly. Nevertheless the other two results deviate
by less than two sigma. Given the distributions shown in Fig. 6, even with the present experimental accuracy, a more
decisive observable might be the forward–backward asymmetry of θpiD
Afb = n>0 − n<0
n>0 + n<0
. (9)
From our calculation we find Afb = 0.0, 0.37, 0.16 for S-wave, D-wave and the sum of them, when the whole kinematic
region is integrated.
To unambiguously determine how large the S-wave contribution is improved data is needed. In addition, we need
to do an overall fit to all the available data in J/ψππ, hcππ, DD¯
∗π and D∗D¯∗π processes which is beyond the purpose
of this work.
7IV. SUMMARY
In summary, we have demonstrated in this study that, if the Y (4260) is a D1D¯ molecule, quite unusual line shapes
should emerge naturally in both the J/ψππ and hcππ channels. As a consequence the fits return a pole location of
the Y (4260) significantly lower than that found in earlier studies. In addition, the DD¯∗π channel is predicted to be
the dominant decay mode of the Y (4260). We find that, since the D1D¯ threshold is only a few tens of MeV above the
location of the Y (4260), the DD¯∗π rate gets strongly enhanced above the nominal D1D¯ threshold. A detailed study
of the DD¯∗ invariant mass distribution revealed that in addition to the dominant D1D¯–component of the Y (4260)
that leads to D–wave pions in the DD¯∗π channel, a subleading contribution that produces S–wave pions is needed. It
is important to stress that once this additional term is fixed from the invariant mass distribution its interference with
the dominant D–wave term at the same time gives a flat angular distribution for θpi — the Jacobi angle of the pion —
consistent with the data. Fortunately there is another angular distribution, where the D–wave still leads to a visible
imprint, namely, the πD-helicity angle. Even when the S wave is added, there is still a visible forward–backward
asymmetry in the prediction, which can be enhanced further by introducing a cut in the DD¯∗ invariant mass (cf .
Fig. 6). Thus, a coherent analysis of all decay channels of the Y (4260) with improved data will allow one to test, if
this state indeed shows a (predominant) D1D¯–molecular structure.
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Appendix A: General discussion of the cos θpi distribution
In this appendix a general discussions is presented for the distribution of the pion angle θpi, defined relative to the
beam direction in the e+e− rest frame for the process e+e− → Y (4260)→ Zc(3900)π. For the general amplitude of
Y (4260)→ Zc(3900)π we write
M = ǫaY ǫbZc
(
CSδ
ab + CD
(
qˆaqˆb − 1
3
δab
))
. (A1)
The parameters CS for the S-wave strength and CD for the D-wave strength contain all information on the dynamics.
One finds
∑
polarizations
|M|2 = 2C2S − 2CSCD cos2 θpi +
2CSCD
3
− C
2
D cos
2 θpi
3
+
5C2D
9
(A2)
where the sum of the polarizations∑
λ=1,2
ǫλaY ǫ
∗λb
Y = δ
ab − δa3δb3,
∑
λ=1,2,3
ǫλaZcǫ
∗λb
Zc = δ
ab (A3)
were used with the third component pointing to the beam direction. The first expression contains the fact that in
e+e− collisions the photon and correspondingly the Y (4260) are produced transversely. From Eq. (A2) one obtains
a flat angular distribution not only when CD = 0, corresponding to a pure S–wave, but also for CD = −6CS , where
the D–wave dominates.
To be specific, we apply this general parameterization to the data for the pion angular distribution given in Ref. [38].
A fit for the parameters CS and CD gives two solutions, cf . Table I, in agreement with the discussion above. The
individual contributions for the best fit with D–wave dominance are shown in the left panel of Fig. 7. In the right
panel of this figure we show the variation of the χ2–value, when for a fixed value of CS the parameter CD is fitted to
the data. As one can see the χ2–minimum referring to the D–wave dominance is rather flat — this means that no
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FIG. 7: Left panel: Pion angular distribution from the general amplitude of Eq. (A1). The green dashed, brown dotted and
red solid lines are the contributions from D-wave, S-wave and the sum of them. The experimental data are from Ref. [38].
Right panel: χ2 in terms of the S-wave strength parameter CS — for each value of CS the parameter CD is refitted.
TABLE I: The parameters CS and CD of the two solutions, i.e. the S-wave dominant and the D-wave dominant schemes, are
listed in this table.
parameters S-wave dominant D-wave dominant
CS 0.35 ± 0.01 0.11 ± 0.02
CD 0.01 ± 0.04 −0.71± 0.01
χ2/d.o.f. 0.23 0.23
fine tuning in the relative strength of the amplitudes is necessary to get a flat angular distribution in θpi; all it takes
is an admixture of a small, non–vanishing S–wave amplitude.
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